The postfabrication modification of the group delay in silicon-photonic waveguides is proposed, simulated and demonstrated experimentally. Group delay variations of 2% are achieved through photo-induced changes to an upper cladding layer of photosensitive As 10 Se 90 chalcogenide glass. The illumination of the cladding layer by intense green light for a few seconds leads to mass transfer and removal of material, away from irradiated regions. The phenomenon is employed in the localized removal of the cladding layer from above the core region of a silicon-oninsulator waveguide, thereby modifying its phase and group delays. Using the proposed method, the free spectral range of a chalcogenide-on-silicon Mach-Zehnder interferometer was modified by 1%. The technique is applicable to the postfabrication adjustment of the frequency response of silicon-photonic filters, comprised of several cascaded elements.
Communication among large-scale computer systems relies increasingly on photonic means to accommodate ever-expanding bandwidth demands [1] . Implementation of photonics on the silicon-on-insulator (SOI) material platform holds promise for large-scale, low-cost integration between photonics and microelectronics [2] , in optical communication and signal processing applications [3] [4] [5] . One of the primary tasks carried out by photonic integrated circuits (PICs) is the multiplexing and de-multiplexing of high-bandwidth data channels. Multiplexing can be performed by silicon-photonic filters, comprised of a cascade of Mach-Zehnder interferometers (MZIs) and ring resonators [3] . The proper function of such filters depends on precise phase and group delays of individual optical paths, which are difficult to achieve in open-loop fabrication [6] . Hence, procedures for the postfabrication trimming of optical paths are mandatory.
Optical trimming procedures can be broadly classified in two categories: active dynamic tuning, and permanent post fabrication trimming. Common active solutions rely on pre-patterned metallic heaters [7, 8] , or on injection of free carriers into p-i-n junction structures [9] . Active tuning approaches add to the complexity of device fabrication, require continuous closed-loop feedback, and may also require continuous power consumption. One-time, permanent postfabrication trimming is preferable when the device temperature is sufficiently stabilized.
Numerous mechanisms have been applied toward permanent postfabrication trimming of PICs [10] [11] [12] [13] [14] [15] [16] [17] . Examples include irradiation with intense ultraviolet or visible light [10, 11] , use of liquid crystals [12] , photoinduced stresses, and photo-elasticity [13] . Other methods include patterning of a thin, upper silicon nitride film [16] and local oxidation of the surface of silicon [17] . Most previous reports deal with phase delay modifications, whereas trimming of the group delay is not often addressed. Group delay modifications are required, however, for example in the adjustment of free spectral ranges (FSRs) of MZI filters.
Chalcogenide glasses are amorphous semiconducting materials, characterized by a broad transparency window, high refractive index, and pronounced optical nonlinearities [18] [19] [20] . Chalcogenide glasses also exhibit numerous permanent photo-induced modification effects [21, 22] , ranging from refractive index variations [23] to material reflow and mass transfer [24] . Photosensitivity is used in direct lithography and in trimming of MZIs and ring resonators fabricated in chalcogenide glasses [25, 26] . Chalcogenide glasses also serve as a photosensitive upper cladding of waveguides [27] . Recently, Canciamilla and co-workers modified the transfer functions of chalcogenide-on-SOI ring resonators, through relatively low-power illumination of the upper cladding with near-bandgap light [15] . The resultant photodarkening of the upper cladding modified the effective index of the resonator waveguide by 0.016 refractive index units (RIU) [15] .
In this work, we employ photo-induced mass transfer of an As 10 Se 90 upper cladding layer in the broad post fabrication tuning of SOI waveguides. Mass transfer is induced by localized illumination with green laser light of 1 MW∕cm 2 intensity. Changes to the group delay index by 0.07 RIU are achieved through selective photo-removal of the upper cladding, from above the core of an underlying SOI ridge waveguide, along sections of one arm of a MZI. The FSR of the MZI is modified by 1%, while the duration of the trimming process is only a few seconds. Preliminary results were briefly presented in [28] .
The cross-section of waveguides used in this work is shown in Fig. 1(top) . Cores of ridge waveguides are patterned in the 220-nm-thick silicon device layer of an SOI wafer, which is partially etched to a residual thickness of 150 nm. The width of the waveguide core is 700 nm. The device layer is covered by a 60-nm-thick silica buffer layer, followed by a 700-nm-thick As 10 Se 90 layer. The refractive index of As 10 Se 90 at 1550 nm is 2.35 RIU. The ridge cross-section was chosen for convenience, but other geometries, having stronger waveguide dispersion, would give rise to even larger index variations.
Photo-induced mass transfer is used to partially remove the chalcogenide layer from above the silicon core, reducing the thickness of the upper cladding by h nm [ Fig. 1 (top) ]. The effective index of the transverse electric (TE) mode n ph was calculated over a range of wavelengths λ around 1550 nm using COMSOL multi-physics. Figure 1 (bottom) shows the calculated n ph at 1550 nm as a function of h. Complete removal of the upper cladding layer is expected to modify n ph by 0.04 RIU. The expected modifications of n ph are relatively modest, as the removal of the upper cladding is counteracted by stronger modal confinement in the silicon ridge. The figure also shows the calculated group index, defined as: n g ≡ n ph − λ · dn ph ∕dλ. The group delay along waveguides is governed by n g . The calculated changes in n g are 0.11 RIU for complete removal. Simulations suggest that much larger changes in n g could be obtained using the fundamental transverse magnetic (TM) mode; however, the coupling of light into devices used in this work does not support the TM mode.
For comparison, the expected changes in n ph and n g following photo-darkening of the upper cladding layer were calculated as well [15, 23] . An extreme increase in the upper cladding index by 0.3 RIU [29] , for example, would modify the n ph and n g by 0.026 RIU and 0.089 RIU, respectively. Both values are smaller than the corresponding modifications associated with photo-induced structural changes.
Postfabrication trimming of the group delay was experimentally demonstrated using SOI MZIs with a differential path length of 1 mm. The thicknesses of the silicon handle layer, SiO 2 layer, and silicon device layer were 750 μm, 2 μm, and 220 nm, respectively. Cores were defined through electron-beam lithography (CRES-TEC CABEL 9000C instrument and ZEP 520a resist), and subsequent reactive ion etching to a depth of 70 nm, the value used in simulations. Etching was performed using a mixture of SF 6 (65 sccm) and C 4 F 8 (10 sccm) gasses at 37.5 μPa pressure, with a plasma radio-frequency power of 100 W for 18 seconds. Vertical grating couplers were patterned at the termini of the waveguides leading to the MZIs for the coupling of light to/from standard singlemode fibers.
A 60-nm-thick silica buffer layer was deposited above the MZIs (while protecting the gratings areas), using photo-lithography, electron-beam evaporation, and liftoff of the photo-resist. Evaporation was carried out at 9 μPa and at a rate of 0.03 nm/s. The buffer layer was necessary to reduce additional losses following the deposition of the chalcogenide glass layer. The cause of these excess losses is still under investigation. Lastly, a 700-nm-thick upper cladding of As 10 Se 90 was applied on top of the buffer layer, using a second photo-lithography stage and thermal evaporation at a vacuum of 0.3 μPa and at a rate of 0.5 nm/s. The specific composition was chosen due to its known strong photo-induced mass transfer, low glass transition temperature (T g ) of 100°C, relative stability when exposed to air, and weak photodarkening at room temperature [24, 30] . Other compositions, such as ternary compounds of Ga-As-Se or Ga-Sb-Se, could be used instead; however, these compositions were not available to us. Figure 2 shows a topview optical microscope image of a sample containing several MZIs. Regions deposited with silica and As 10 Se 90 can be identified.
Transmission losses of MZIs were measured following initial fabrication in SOI, after the deposition of silica, and following the deposition of As 10 Se 90 . The end-toend loss of as-fabricated SOI MZIs was 19 dB. The grating coupling losses were 16 dB, estimated by auxiliary measurements of end-to-end losses of waveguides having different lengths. Losses increased by 5 dB following the deposition of the silica and chalcogenide layers. Excess losses are a drawback of the proposed method, and means to eliminate them are currently under study.
Spectral transfer functions were characterized using an optical vector network analyzer (LUNA OVAe-8000), with 2.5-pm resolution. Table 1 Photo-induced mass transfer of the upper chalcogenide layer was carried out using a laser at 532-nm wavelength, coupled through an objective lens of ×50 magnification. The 20-mW laser power was focused to a spot-size diameter of 1.5 μm (intensity of ∼1 MW∕cm 2 ), above the core of the SOI waveguide of the long MZI arm. The sample was scanned under the beam by a motorized linear stage at 200 μm/s speed. The device was aligned so that a 560-μm-long segment of the long arm of the MZI was irradiated. The laser energy associated with the process was 60 mJ. The minimum feature size is set by the diffraction limit, whereas the maximum size is only limited by scanning mechanics and process duration. Figure 3 (top) shows a top-view microscope image of one MZI following green light illumination. Figure 3 (center and bottom) shows a two-dimensional height scan and a cross-section profile of part of the illuminated region, taken by an atomic force microscope. The 700-nm-thick As 10 Se 90 layer is removed from a 3-μm-wide region almost entirely [24] . Note that the removed glass material is transferred and partially piled to the sides of the illuminated region [24] . Mass transfer is due to viscous flow in the glass: absorption raises the temperature of illuminated regions above the transition temperature T g of the material. The temperature gradient initiates a fast lateral flow of the liquid layer, from hot to cold regions, in the direction normal to the forming groove [31, 32] . Figure 4 shows a focused ion beam (FIB) cross-section of the illuminated area. The residual thickness of the As 10 Se 90 layer above the waveguide core was reduced to about 50 nm across a 3-μm-wide region. Figure 5 shows the measured power transfer functions of the MZI before and after photo-induced mass transfer. The FSR of the device is reduced by 6.8 pm, or 1% (see Table 1 ). This change corresponds to a modification of the average group index in the 560-μm-long illuminated segment of the MZI long arm by 0.07 RIU, or 2%. Simulations suggest a larger variation in FSR, by as much as 10.5 pm (see Table 1 ). The most likely source of this discrepancy is an angular misalignment between the waveguide core layout and the scanning trajectory of the device through the green light spot. Angular misalignment of 0.5°, for example, would reduce the length of the waveguide within the MZI arm where the group index is effectively modified from 560 to 350 μm, and reduce the change in FSR to 6.8 pm. Changes to the end-to-end loss of the device following trimming were below the measurement uncertainty of 1 dB. The extinction ratios before and after exposure were 14 and 16 dB, respectively.
In conclusion, the rapid postfabrication trimming of the group delay in a chalcogenide-on-silicon MZI was demonstrated. A change in FSR by 1% was achieved through photo-induced mass transfer in an As 10 Se 90 cladding layer. The method is applicable to complex filter designs, consisting of multiple, cascaded MZIs and/or resonators. The choice of low-T g cladding material helps reduce the illumination intensity necessary for mass transfer; however, the long-term stability of the device might be compromised. Changes in the FSR of trimmed devices over a period of one month were below the measurement uncertainty of 0.1%. Long-term stability of is still under study. Stability can be improved using compositions with higher T g , and through the additional deposition of thin, protective capping layers such as SiO 2 or Al 2 O 3 . Future work will also address larger photoinduced index changes in fully-etched silicon nanowires and using TM modes, and the implementation of a closedloop trimming and characterization setup. 
